A whole-cell biosensor for glutamine (GlnLux) was constructed by transforming an Escherichia coli glutamine (Gln) auxotroph with a constitutive lux reporter gene. Measurements of Gln in plant extracts using GlnLux correlated with quantification using high-performance liquid chromatography (Spearman's r ‫؍‬ 0.95). GlnLux permitted charge-coupled-device (CCD) imaging of Gln from whole plant organs.
0.0001 g/ml (0.68 nM) (see Fig. S2 in the supplemental material), which is similar to that of the most sensitive HPLC-tandem mass spectrometry (HPLC-MS/MS) assay (7, 11) . The linear range of the assay extended across 3 orders of magnitude (0.0001 to 0.1 g/ml Gln) (see Fig. S2 in the supplemental material). GlnLux did not significantly react to other nitrogenous compounds at concentrations expected in plant extracts following a 1,000-fold dilution, the dilution needed to shift extracted Gln into the linear assay range. There was no significant cross-reactivity from NH 4 Cl (Յ90 M, already present in M9 medium), KNO 3 (Յ200 M), NaNO 2 (Յ0.3 M), or a 19-amino-acid cocktail (3 to 110 M). However, higher nitrate or amino acid concentrations could potentially activate GlnLux (data not shown).
The accuracy of the GlnLux luminometer assay for quantifying Gln in plant extracts was determined by comparing the results with those from HPLC (1) (see the supplemental material for the HPLC methodology and plant treatments). For the GlnLux assay, maize/corn (Zea mays L.) leaves were ground (1 to 10 mg) with sand in liquid nitrogen, treated (9 l double-distilled water [ddH 2 O] with 1% [vol/vol] protease inhibitor cocktail [PIC; Sigma P9599, pH 7.0] per mg), vortexed, and centrifuged (20 min, 4°C, 10,000 ϫ g). The supernatant was transferred to a fresh tube on ice, diluted 1,000-fold (ddH 2 O, pH 7.0), and used immediately. Using 96-well plates, each well was prepared (80 l 1.25ϫ M9 medium, 10 l GlnLux as noted above, 10 l plant extract). The PIC inhibited suspected proteases in plant extracts (data not shown). An excellent correlation was found between measurements using the GlnLux assay and those using HPLC (Spearman's r ϭ 0.95, P Ͻ 0.0001, degrees of freedom [df] ϭ 39) (Fig. 1) . Remarkably, GlnLux leaf measurements could distinguish between plants fertilized with and without ammonium/nitrate ( Fig.  1 ) using only the equivalent of 1 g of tissue per well.
For imaging of Gln in whole plant organs, tissues were freezethawed to cause Gln leakage, placed on agar preembedded with GlnLux (GlnLux agar), and then imaged using a photon capture camera (22) . Briefly, a GlnLux starter culture (LB with 50 g/ml kanamycin, 100 g/ml carbenicillin, 0.2 mM Gln, 4.0 mM glucose; 16 h, 37°C, 250 rpm) was pelleted (centrifugation at 1,100 ϫ g, 25°C, 10 to 20 min), washed 3 times (0.01 M potassium phosphate buffer, pH 7.0), and resuspended (M9 medium with an OD 595 of 1.0). To prepare GlnLux agar, concentrated M9 medium (with Bacto agar, 10 g/liter) was cooled (42°C), supplemented with Casamino Acids solution (5 g/liter of the final solution), mixed with GlnLux (10% [vol/vol], OD 595 ϭ 1.0), and then poured. Flash-frozen tissues were thawed (room temperature, 30 s), pressed onto GlnLux agar, inverted, incubated (37°C, 1 to 6 h), and imaged hourly (ChemiProHT, Roper) (4) with a chargecoupled-device (CCD) chip precooled to Ϫ80°C (5) (200-to 600-s exposures). GlnLux agar permitted imaging of Gln at a sensitivity threshold of 0.01 to 0.1 mM (data not shown).
For plant imaging, maize seedlings were fed with nitrate once or with only water (14 h prior to freeze-thawing). GlnLux agar under nitrate-treated roots emitted a noticeably higher signal than the same agar under water-treated roots ( Fig. 2A and B) . Leaves were also imaged after their roots were exposed to fertilizer with or without ammonium/nitrate (five times, ϳ50 to 10 h prior to freeze-thawing). The signal from GlnLux agar under leaves from nitrogen-treated seedlings was dramatically higher than that of the same agar under leaves from nitrogen-deficient seedlings ( Fig. 2A  to H) . Thus, GlnLux agar was successful in visualizing root nitrogen uptake, assimilation into Gln, and long-distance transport to leaves (18) .
Apart from uptake, free Gln can accumulate at the base of a senescing leaf from scavenged proteins at the tip; scavenged Gln is exported through vascular cells to growing organs (10) . In previous studies using maize leaf 2, Gln levels were highest at the leaf base, decreasing by 50% in the middle and by Ͼ90% near the tip free Gln in plant tissue extracts by comparing results to those of a standard HPLC assay. Leaf extracts of maize seedlings previously treated with fertilizer solution with or without nitrogen were quantified using HPLC and independently tested using the GlnLux luminometer assay, with the latter using 1/1,000 dilutions of maize extract, corresponding to 1 g tissue (fresh weight [FW] ). Each value is from an extract from one leaf of one seedling. The coefficient of correlation (Spearman's r) between the GlnLux and HPLC assays is indicated. HPLC and GlnLux readings segregated based on the prior nitrogen fertilizer treatment (vertical dotted line), with the exception of two outliers (open circles). The 0-g/ml Gln standard reading was subtracted from all lux values, which were read in randomized replicates of 3 to 4 in an endpoint assay set to the "integrate" function. RLU, relative light units.
FIG 2
Luminescence in vivo imaging of Gln in plant organs using GlnLux agar. (A to H) Two-week-old maize seedlings either were treated with nitrogen fertilizer or were not, and harvested plant organs were freeze-thawed to cause Gln leakage and then placed on GlnLux agar; the opposite agar surface was then imaged using a photon capture CCD camera. Representative pictures of a root system not previously exposed to nitrate (A), a root system previously exposed to nitrate (B), leaves from unfertilized plants (C to E), leaves from ammonium nitrate-fertilized plants ( (3), consistent with peak glutamine synthetase expression at the leaf base (13, 15) . Using GlnLux agar, lux expression in fertilized leaf 2 was consistently highest at the base-to-middle zones along the midvein vasculature and lowest at the tip (Fig. 2I) . GlnLux agar could thus resolve in vivo spatial variation for Gln. Nevertheless, imaging using GlnLux agar is only semiquantitative. Future applications may include high-throughput screening for nitrogen uptake/metabolism mutants. GlnLux is complementary to a recent plant Forster resonance energy transfer (FRET)-based Gln biosensor providing subcellular resolution (23) .
